This study aimed to investigate the mechanisms of mechanical work and power enhancement of muscle-tendon complex (MTC) in rebound exercise by quantifying in vivo behavior of fascicle and tendinous tissue of human medial gastrocnemius muscle (MG). Subjects jumped on a sledge apparatus using only ankle joint with the following two conditions: plantar flexion without counter movement (PFJ) and rebound jumping from a height of 26 cm (RJ). The behavior of fascicle and tendinous tissue of MG in vivo was determined using ultrasonography. The relative contribution of tendinous tissue to the mechanical work of MTC during plantar flexion phase (PF phase) was 85% in RJ. The maximal mechanical power of tendinous tissue during the PF phase in RJ was about three times greater compared to that in PFJ. There was no significant difference in the mechanical power of fascicle during PF phase between the two conditions, while the mechanical work of fascicle in PFJ was less than that in the PF phase of RJ. In RJ, fascicle was stretched during the dorsiflexion phase. These findings indicated that, in rebound exercise using ankle joint, (1) the enhancement of mechanical work and power of MTC was due to the reuse of elastic energy stored in tendinous tissue during dorsiflexion phase, and (2) fascicles were stretched during dorsiflexion phase.
Introduction
Muscle-tendon complex (MTC) subjected to a pre-stretch immediately before concentric action can exert greater mechanical work and power than that resulting from concentric action alone (Cavagna, et al., 1965) . Enhancement of mechanical work and power in the action with pre-stretch (stretch-shortening cycle movement: SSC movement, Komi 1992 ) has also been confirmed in human movements (Cavagna, et al., 1968; Cavagna, et al., 1974; Komi & Bosco 1978) . It has been shown that one of the major mechanisms of this power enhancement in SSC movements is the reuse of elastic energy stored in the series elastic component (SEC) in the MTC (Asmussen & Bonde-Petersen, 1975; Komi & Bosco, 1978; Belli & Bosco, 1992) .
In the MTC, the SEC exists mainly in tendinous tissue (Alexander & Bennet-Clark, 1977) . Recently, several studies have observed behaviors of fascicle and tendinous tissue in humans in vivo using ultrasonography, demonstrating that the reuse of elastic energy in tendinous tissue is the main factor of power enhancement (Kawakami, et al., 2002; Finni, et al., 2003; Ishikawa, et al., 2003; Kubo, et al., 2000) . Among these studies, Kubo et al. (2000) investigated in vivo behavior of the fascicle and tendinous tissue of the gastrocnemius muscle (MG) during repeated dorsi-plantar flexion by means of ultrasonography, and indicated that the contribution of elastic energy to the mechanical work of MTC was 42.5%. In the SSC exercises by Kubo et al. (2000) , there was no duration for the body above the ground before stretching phase and muscle was relaxed at the beginning of the dorsiflexion phase. In addition, the trial was carried out with sub-maximal efforts at low velocity (movement frequency was 0.3 -1 Hz: mean angular velocity was 18 -60 deg/s). However, human movements such as running, sprinting and hopping are rebound exercises which consist of high speed SSC movements accompanied by a duration in the air before contacting the ground. Moreover, exercising muscles do not relax in MTC stretch phase during these exercises. Therefore, the contribution of elastic energy in rebound exercises is considered to differ from that demonstrated by Kubo et al. (2000) . In order to reuse the elastic energy in tendinous tissue, the fascicles must contract to stretch the tendinous tissue during lengthening phase. As the type of fascicle contraction during rebound exercises, some studies reported that eccentric contraction was observed in the vastus lateralis muscle Ishikawa, et al., 2003 Ishikawa, et al., , 2004 . On the other hand, Ishikawa et al. (2003) investigated the behavior of MG during drop jumps and suggested the possibility of isometric contraction in fascicles. However, the result of Ishikawa et al. (2003) was obtained from only one subject. In addition, since the knee joint was greatly flexed in the movements used by Ishikawa et al. (2003) , the amount of length change in the gastrocnemius MTC was small (see Kurokawa, et al., 2003) . Therefore, the behavior of MG when it acts as a major power generator during the rebound movements is unclear.
The gastrocnemius, one of the agonists in plantar flexion, bears long tendinous tissue, and excels in storage of elastic energy . Thus, the gastrocnemius is considered to play an important role in the ankle's rebound movements which are frequently seen in the exercises such as sprinting and hopping. Hence, useful information on the mechanisms of a wide range of exercises will be obtained by clarifying the contribution of the elastic energy to the mechanical work and power development of MG MTC, and the type of fascicle contraction (isometric, concentric or eccentric) during rebound exercise.
In the present study, we used ultrasonography to determine in vivo behavior of fascicle and tendinous tissue of the MG during rebound exercise with maximal efforts using an ankle joint. The purpose of this study was to elucidate the mechanisms of mechanical work and power enhancement of MG MTC during rebound exercise of ankle joint by clarifying 1) the behavior of MG fascicle and tendinous tissue in the rebound exercises of an ankle joint and 2) the degree of contribution of the tendinous tissue to mechanical work and power exertion of the MG MTC.
Methods

Subjects
Five healthy men (22.6 +/-2.5 yr, 171.5 +/-4.9 cm, 62.8 +/-3.9 kg) voluntarily participated in this study. Before the experiment, the purpose of this study and the risk that could accompany participation in the experiment were fully explained to all the subjects, and their written informed consent was obtained.
Experimental settings
A sledge apparatus (Inclined squat, Vine, Japan) was used in the present study as an apparatus that enables rebound exercises by an ankle joint (Figure 1) . The sledge apparatus consisted of a rail (an angle of 30 degrees to the floor), a seat (18.8 kg) on which a subject's body can settle and a landing platform which is perpendicular to the rail. Along the rail, the seat can slide up and down with minimal friction by means of wheels between the seat and rail. The subject, taking a supine position on the sledge apparatus, jumped using only right ankle joint with following two conditions: 1) Plantar flexion jump (PFJ): From a state of rest in 2) Rebound jump (RJ): The subject dropped down with his ankle joint in a maximal plantar flexion position. After the landing on the edge of the landing block with the ball of the right foot, the ankle joint was dorsiflexed until maximally dorsiflexed position. Then, the subject started plantar flexion and took-off.
Prior to the experiments, a pilot study had been implemented in order to find the optimal rail angle to the floor and the distance of drop which would allow all the subjects to perform RJ without feeling fear and discomfort. As a result, a rail angle of 30 degrees to the floor and a length of 26 cm were determined.
All the trials were conducted on the same day. Prior to the measurements, the subjects sufficiently practiced each jump after warm-up so that they could accustom themselves to the two jumps. To minimize fatigue and muscle damage, experiments were done in the order of PFJ first and then RJ. A three minute-or-longer rest was assured after each trial. The subjects were instructed to jump as high as possible with maximal effort in all trials. Each jump condition was repeated twice, and the jump in which the mechanical work in the ankle joint was the greater was adopted for the data analysis.
In order to determine whether or not the knee joint influenced RJ performance, the angle of the knee joint during exercise was measured using a goniometer (TM-511G, NIHON KOHDEN, Japan). The results revealed that the flexion of the knee joint was 5 degrees or less and the influence to the MTC length was 1.6 mm or less. Thus we concluded that the influence of the knee joint on RJ was ruled out. Considering the structure of the sledge apparatus, the angle of the hip joint does not change without changing the angle of the knee joint. For this reason, its influence was also judged to be negligible. Additionally, in order to confirm the RJ reproducibility, the coefficient of variation (CV) and intraclass correlation coefficient of maximal power, mean power and mechanical work during the plantar flexion phase (See 2.4) for two trials were obtained. The results showed that the respective CVs of maximal power, mean power and mechanical work were 3.4 +/-2.5%, 4.6 +/-2.2% and 4.2 +/-2.2% and intraclass correlation coefficients were 0.992, 0.971 and 0.889, respectively. Accordingly, the subjects apparently performed the tasks in a stable condition.
Measurement variable
(1) Angle of ankle joint
The movements were recorded from the right side of the subject with a high-speed camera (VFC300M128, FOR A, Japan) at 240 frames per second. Then, the images were downloaded into a computer. Then, the reflection markers attached to the center of rotation of the knee joint, the center of the lateral malleolus and the fifth metatarsal head were digitized using a motion analysis software (Winanalyze1.5, Mikromak, Germany) and the ankle joint angle and the angular velocity were calculated. The ankle joint was assumed to move on the sagittal plane.
(2) Ankle joint torque (TQ)
The ankle joint torque was calculated by the same method as Kubo et al. (2000) using the ankle joint angle and the vertical component of reaction force detected in the force plate (made using four force transducers LUK-500KBS, KYOWA, Japan) (Figure 2 ).
The equations were as follows:
[where TQ is ankle joint torque, L is the distance between the center of the ankle joint and the ball of foot, and Ff is the vertical component of the ground reaction force (N), and θ was the angle of the ankle joint (rad)] (3) Length change of gastrocnemius MTC, fascicle and tendinous tissue, and pennation angle. a) MTC length change The MTC length change was estimated by using an equation to predict MTC length change of gastrocnemius muscle from ankle and knee joint angles and lower leg length reported by Grieve et al. (1978) . b) Fascicle length and pennation angle Longitudinal images of the 30% proximal region of MG were obtained using an ultrasound apparatus (Pro-Sound SSD-5500, probe, 7.5 MHz, Aloka, Japan). The sampling frequency was 62 Hz. The images were transmitted to a computer via an A/D converter (ADVC-100 CANOPUS, Japan), and then the fascicle length was measured using image processing software (SCION Image, Scion Corporation, USA). The pennation angle α was defined as the angle made by the fascicle and the deep aponeurosis (Kawakami, et al., 1998) (Figure 3) . The fascicle length and the pennation angle were measured three times for each image, and the averaged values were used for data analysis. CVs of the three measured values were 1.2 +/-0.8% in the fascicle length and 2.2 +/-1.5% in the pennation angle. The intraclass correlation coefficient in the fascicle length was 0.999 +/-0.001 and that in the pennation angle was 0.973 +/-0.052. c) Length change of tendinous tissue
The length change of the tendinous tissue was calculated as the difference between the MTC length change and the fascicle length change in longitudinal direction (Kubo, et al., 2000) (Figure 4) . ΔL Ten = ΔL MTC -ΔL Fas ・ cosα ΔL Ten is the length change of the tendinous tissue, Δ L MTC is the length change of the MTC and ΔL Fas is the length change of the fascicle.
(4) Tendon force and fascicle force a) Tendon force Achilles' tendon force was calculated by dividing TQ by the moment arm (MA). In addition, the MG tendon force was calculated by multiplying the Achilles' tendon force by the MG's physiological cross-sectional area ratio (PCSA ratio) to the whole plantar flexors (Kubo, et al., 2000) . Achilles' tendon force = TQ ・ MA -1 MG tendon force = Achilles' tendon force・PCSA ratio The MG moment arm was estimated by differentiation of the length change by the ankle angle change. For the PCSA ratio, the value of 15.4% was used according to Fukunaga et al. (1996) . b) Fascicle force The MG tendon force was divided by cos α to estimate the MG fascicle force (Kubo, et al., 2000) . MG fascicle force = MG tendon force ・ cosα -1 (5) Mechanical power and work of MTC, fascicle and tendinous tissue
The mechanical power (P) of the MTC, the fascicle and the tendinous tissue were calculated as the product of each shortening velocity (V) and force (F). P = F ・ V The mechanical work (W) in each tissue was calculated by the time integral of the mechanical power. W = ∫ Pdt The EMG signals were full-wave rectified, and the maximum and mean EMG amplitudes were calculated. To compare the difference between the conditions, the relative value in which the value in PFJ was 100% was applied.
4. Phase used for analysis
In PFJ, the duration from start of motion to the take-off was defined as plantar flexion phase (PF phase). In RJ, the duration from landing to transition from dorsiflexion to plantar flexion was defined as the dorsiflexion phase (DF phase), and the duration from the transition to take-off was defined as PF phase. Then, the mechanical parameter in each phase was analyzed. The values in the PF phase were used for comparing the mechanical parameters of PFJ and RJ. Each mechanical parameter was interpolated by cubic spline interpolation and the values of every 5% to whole analysis period were obtained.
5. Statistics
Means +/-standard deviations were obtained for all the data. The differences between conditions (RJ and PFJ) were tested by using the paired t-test. The significance level was set at p < 0.05 for all tests. Figure 5 indicates typical examples of changes in the joint angle, the joint angular velocity, the joint torque and the rectified EMG. In PFJ, the plantar flexion torque gradually increased from the start of movement, peaked at the 60% of PF phase, and then decreased. The changes in EMG of the triceps surae muscles in PFJ were similar to that in the torque. In RJ, TQ rapidly increased in the DF phase, and reached the maximal value at the transition from dorsiflexion to plantar flexion, and then decreased with the start of plantar flexion. EMG activity of the MG was observed from the landing through the DF phase. The maximal values in the ankle joint angular velocity and maximal plantar flexion torque were significantly higher (p < 0.01) in RJ (7.73 +/-0.83 rad/s, 225.2 Nm) than those in PFJ (5.69 +/-0.95 rad/s, 117.1 +/-7.2 Nm). In the maximal and mean EMG amplitudes of Figure 6 shows the changes of the fascicle length and the pennation angle during exercises. In PFJ, the fascicle length was 62.8 +/-11.2 mm at the start of the plantar flexion, and decreased to 38.0 +/-1.6 mm at take-off. The pennation angle increased from 19.2 +/-2.6 deg to 32.3 +/-4.2 deg. In RJ, the fascicle length was 39.4+/-3.8 mm at landing and 45.0 +/-6.8 mm at the transition from the dorsiflexion to the plantar flexion. Then, in the PF phase the fascicle length decreased in the latter half of this phase and became 34.3 +/-3.6 mm at
Results
Values are expressed as percentage of PFJ. * and ** denote that the mean value for RJ significantly differ from that for PFJ at p < 0.05 and p < 0.01, respectively. Table 1 Maximal and mean EMG amplitude in PF phase the take-off. The pennation angle decreased from 29.5 +/-2.6 deg to 25.7 +/-2.0 deg in the DF phase of RJ and rapidly increased in the latter half of PF phase to 34.7 +/-3.3 deg at the take-off. Figure 7 shows the length change from the initial length, velocity, force and mechanical power of the MTC, fascicle and tendinous tissue during movements. In PFJ, the fascicle shortened by 24.8 +/-11.4 mm, and the tendinous tissue by 19.0 +/-1.9 mm. In RJ, the fascicle length increased by 6.6 +/-2.9 mm, and the tendinous tissue stretched by 28.0 +/-4.8 mm in DF phase (Figure 8) . Then, in the earlier stage of PF phase, the fascicle exerted force by isometric contraction. The fascicle and tendinous tissue shortened in PF phase by 10.6 +/-1.6 mm and 39.0 +/-8.1 mm, respectively. The maximal and mean values of the velocity, force and mechanical power of MTC and tendinous tissue in RJ were higher than those in PFJ. However, the maximal and mean shortening velocity and mechanical power in the fascicle had no significant differences between the two conditions ( Table 2) .
In PFJ, the fascicle contributed to 61.0 +/-19.8% of the MTC mechanical work, and the tendinous tissue 39.0 +/-19.8% (Table 3) . In RJ, the fascicle and tendinous tissue performed the negative work in the DF phase, 3.0 +/-2.3 J and 8.6 +/-2.4 J, PFJ RJ * and ** denote that the mean value for RJ significantly differ from that for PFJ at p < 0.05 and p <0.01, respectively. The values in DF phase and PF phase indicate negative and positive work (J), respectively. The values in parentheses are the percentages to the corresponding values in MTC. * and ** denote that the mean value for RJ significantly differ from that for PFJ at p<0. 05 and p<0.01, respectively. respectively, and the positive work in the PF phase, 2.0 +/-0.7 J and 11.7 +/-1.2 J, respectively. The mechanical work of the fascicle in PF phase of RJ was significantly smaller than that in PFJ. In the PF phase of RJ, the contribution of the work performed by the fascicle and tendinous tissue to the MTC work were 14.4 +/-4.8% and 85.6 +/-4.8%, respectively.
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Discussion
The major findings obtained in the present study are as follows: 1) in RJ, eccentric contraction was observed in the MG fascicle in the DF phase, 2) in RJ, tendinous tissue contributed to 85% of mechanical work of the MTC, and the maximal mechanical power provided by the tendinous tissue was three times greater than that in PFJ, but that provided by the fascicle was similar in the two conditions.
In the DF phase of RJ, the fascicle length increased with muscle activation (Figure 5, Figure 6 and Figure 7) , indicating that the fascicle contracted eccentrically in this phase. Dividing the fascicle length at the landing in RJ (39.4+/-3.8 mm) by an average number of in-series sarcomeres (1.77×104 ; Huijing 1985) , the estimated length of sarcomere at that time was 2.23+/-0.21 μm. Since a plateau region of the length-force relationship in human sarcomere is 2.64 μm ～ 2.81 μm (Walker & Schrodt 1973) , the sarcomere length at the landing was shorter than the optimal sarcomere length. On the other hand, the fascicle length at the transition from DF phase to PF phase was 45.0 +/-6.8 mm (sarcomere length; 2.54 +/-0.39 µm). This is almost optimal length. The torque in DF phase rapidly increased immediately after landing, and reached at approximately 220 Nm (i.e., 6500 N in Achilles' tendon force) at the transition. Therefore, in the DF phase of RJ, the fascicle should be incapable of maintaining an isometric contraction and compellingly stretched up to nearly optimal length because of the disadvantage in length-force relationship and the great stretch load.
T h e p r e s e n t s t u d y o b s e r v e d t h e e c c e n t r i c contraction of fascicle in the DF phase of RJ. This result differs from the report of Kawakami et al. (2002) who observed the isometric contraction of the fascicle in the counter movement exercise by the ankle joint. The discrepancy between the results of the present and Kawakami et al.'s (2002) studies can be due to differences in the exercise type used and load related to the exercise type. In the movement adopted in Kawakami et al. (2002) , the muscle relaxed and was stretched passively in the beginning of the dorsiflexion phase, and then the fascicle exerted force at nearly optimal length. Moreover, movement velocity was low, and the tendon force was also low (Achilles' tendon force was approximately 4000 N). In the movement used by Kawakami et al. (2002) , therefore, it is likely that the fascicle of MG was able to maintain an isometric contraction.
The MG fascicle performed isometric contraction in nearly optimal length in the early PF phase ( Figure  6, Figure 7 ) and the mechanical work remained in 2 J (15% of the MTC mechanical work), although the fascicle shortened in the later of this phase,. This mechanical work done by fascicle was smaller than that in PFJ. In addition, there was no difference in mechanical power of fascicle between the conditions. Therefore, it seems that the fascicle did not play a role of performing the mechanical work or power but a role of exerting great force in RJ. The maximal and mean EMG amplitude of the MG in PF phase of RJ was almost the same or smaller compared to those in PFJ. Furthermore, the shortening velocity of the fascicle showed no significant differences between RJ and PFJ. Taking these results into account, it seems that the enhancement of fascicle force during the PF phase of RJ was not due to the difference in the activation level (Bosco, et al., 1982) or force-velocity relationship but due to the length in which fascicle contract in this phase (Kawakami, et al., 2002) . In addition, the prestretch-induced potentiation of contractile component (Cavagna, et al., 1968) also could contribute to the force enhancement because elongation in the fascicle was seen in DF phase.
The tendinous tissue was stretched in DF phase and shortened in the PF phase. The mechanical work performed by tendinous tissue in each of the two phases was 8.6 J for DF phase and 11.7 J for PF phase. This implies that elastic energy stored in the tendinous tissue during DF phase was released in PF phase. The mechanical work of the tendinous tissue during PF phase was responsible for 85% of that of the MTC ( Table 3) .
The mechanical work of tendinous tissue in RJ largely increased compared to that of PFJ (Table  2) , three times higher in maximal power and seven times in mean power. This indicates that the enhancement of mechanical work and power during rebound movements is caused by the reuse of elastic energy stored in the tendinous tissue. The observed contribution of the tendinous tissue to the MTC mechanical work in RJ was twice as high as the value of 42.5% reported by Kubo et al. (2000) who also investigated the extent of contribution of elastic energy by observing MG in vivo. The present result suggests that, in the rebound movements, the contribution of elastic energy is much higher than in the low intensity SSC movements with relaxation in the MTC stretching phase. In high intensity SSC movements such as rebound exercises, the fascicles develop great force by eccentric contraction during MTC stretch phase and a large amount of elastic energy is stored in tendinous tissue. In the following MTC shortening phase, the fascicle maintained isometric contraction in the vicinity of optimal length, while the tendinous tissue shorten and release the elastic energy. Thus, the tendinous tissue could contribute to the MTC mechanical work in higher degrees. This is really a rational mechanism to develop mechanical power in high velocity and intensity SSC movement where the fascicle has difficulty producing high mechanical power according to the force-velocity relationship.
In RJ, the mechanical work of tendinous tissue in DF phase (11.7 J) was greater than that in PF phase (8.6 J) ( Table 3) . A plausible explanation for this result is that the tendinous tissue was stretched before landing by co-contraction and some elastic energy should have stored in tendinous tissue. (See Figure 5 ; the EMG activities of TA and MG already observed at landing). In addition, the present study calculated the Achilles' tendon force from net joint torque. Net joint torque is the sum of torque exerted by the dorsiflexion muscles and the plantar flexion muscles. For this reason, when the dorsiflexion muscles develop torque, the torque measured in the joint becomes to be smaller than that produced by the plantar flexion muscles. Accordingly, there is a possibility that the Achilles' tendon force is underestimated compared to the actual Achilles' tendon force. This leads to underestimation of elastic energy estimated by the time integral of mechanical power where the tendon force is multiplied by their velocity. In RJ, TA muscle activation was observed in the earlier stage of DF phase (Figure 5) . Thus, the Achilles' tendon force during the phase might be underestimated, which lead to underestimation of energy stored in the tendon.
Conclusion
The findings obtained in the present study indicated that, in rebound exercise using an ankle joint, (1) the enhancement of mechanical work and power of MTC was due to the reuse of elastic energy stored in tendinous tissue during dorsiflexion phase, and (2) fascicles were stretched during dorsiflexion phase.
